INTRODUCTION
In order to artificially trigger the UPR in positive controls, cells were treated 1 hour with 5 mM DTT, 4 1 hours with 600 nM thapsigargin (Tg), or 4 hours with 5 µg/ml tunicamycin (all from Sigma-Aldrich) as 2 described (43) 
XBP-1 splicing assay 5
Total RNA was purified with RNeasy Mini Kit (Qiagen, Chatsworth, CA) and cDNA synthesized using 6
QuantiTect Reverse Transcription Kit (Qiagen). XBP1 cDNA was amplified using primers 7 encompassing IRE-I splicing site (5'-CATGGCCTTGTAGTTG-3'; 5'-CTGGGTCCACCAAGTTGT-8 3'). PCR product of 270 bp and 244 bp, representing unspliced (u) and spliced (s) XBP-1 respectively, 9
were separated on 2% agarose gels. 10
Plasmids and transfection 12
Expression plasmids for LCMV NP, GPC, Z and L were described previously (11, 23) . In transfection 13 experiments, 4·10
6 Huh7 cells were electroporated at 150 V for 70 msec in 4 mm gap cuvettes using a 14 ECM830 generator (BTX Harvard Apparatus, Holliston, MA) and the indicated amount of plasmid 15 DNA. Cells were analyzed 48 h after transfection. 16
Caspase activation assay 18
Cells were infected with LCMV ARM53b, MOI=3 and activation of Caspase 3/7, 8 and 9 tested at 24, 19 36 and 48 hpi with Caspase-Glo 3/7, 8 and 9 assay (Promega Dübendorf, Switzerland) respectively. As 20 positive control, cells were treated with 5 µM Staurosporin (St) for 3h to induce the activation of 21 caspase 3/7 and 9 or with 500 nM soluble TRAIL for 5 h to trigger caspase 8. 22 Real Time PCR data were analyzed using two-way ANOVA followed by Bonferroni post test with 1 GraphPad Prism (San Diego, CA). Statistical significance is indicated compared with the uninfected 2 cells ( Fig. 2 and 4) or mock transfected cells (Fig. 5E) . 3
Differential expression of the viral GPC and NP during acute and persistent LCMV 3 infection. Previous studies on LCMV infection in vitro and in vivo revealed that expression of the 4 viral NP and GPC are differently regulated during acute and persistent infections (29) . NP 5 expression levels remained high and relatively constant during the acute and persistent phases of 6 LCMV infection. In contrast, GPC was highly expressed during the first days of acute infection, 7
followed by a marked down-regulation during the transition to persistent infection. We 8 hypothesized that differential expression of GPC during acute and persistent infection posed likely 9 distinct challenges to the host cells' protein folding machinery and the cellular UPR. To study the 10 role of the UPR during different phases of LCMV infection, we first established the temporal 11 expression of GPC in suitable cell lines. The human lung epithelial cell line A549 and the 12 hepatocyte cell line Huh7 were infected with the LCMV strain ARM53b and expression of GPC 13 and NP examined over time by Western-blot. In line with published data, we observed maximal 14 GPC expression levels at 36-48 hours post infection (p.i.), followed by a marked reduction after 15 72 hours (Fig. 1) , whereas NP reached a plateau at 24 hours of infection and remained constant 16 thereafter. At 96 hours p.i. >98% of cells remained positive for NP and high levels of infectious 17 virus production were detected in cell culture supernatants (data not shown). 18 
19
LCMV infection transiently induces the ATF6-regulated branch of the UPR. To examine 20 induction of the ATF6-regulated branch of the cellular UPR during LCMV infection, we 21 monitored expression of a specific set of ATF6 regulated genes, including the chaperones BiP and 22 GRP94, as well as the transcription factor CHOP (36) . We further included GADD34, which is 23 regulated by CHOP (27) . Huh7 cells were infected with LCMV and expression levels of GPC 24 assessed over time by Western-blot analysis ( Fig. 2A) . To monitor expression of ATF6-regulated 25 genes, we determined transcription levels of BiP, GRP94, CHOP, and GADD34 by real time 26 quantitative PCR using specific TaqMan probes; we also included a probe for the house-keeping 1 gene GAPDH for normalization. At 36-48 hours p.i., we detected a significant induction of the 2 expression of BiP, GRP94, and CHOP (Fig. 2B-D) , concomitant with the transient expression of 3 high GPC levels ( Fig. 2A) . The marked reduction of GPC expression after 72 hours ( Fig. 2A)  4 correlated with a drop in transcription levels of BiP, GRP94, and CHOP to levels similar to 5 uninfected cells (Fig. 2B-D) . The UPR gene GADD34 was also induced, but showed a delay in 6 upregulation with maximal levels reached at 48 hours p.i. and significantly elevated mRNA levels 7 after 72 hours of infection (Fig. 2E ). This delayed kinetics of GADD34 induction is consistent 8 with the fact that GADD34 is regulated by CHOP, which is itself a downstream target of ATF6 9 (36) . Interestingly, despite similar GPC expression levels at 36 and 48 hours p.i., we consistently 10 observed lower induction of BiP, GRP94, and CHOP at 48 hours (Fig 2B-D) . The reasons for this 11 apparent down-regulation of ATF6 activity are unknown but may be due to the enhanced folding 12 capacity of the ER upon induction of the ATF6-regulated branch of the UPR at 36 hours, which 13 partially releases ER stress. Levels of SKI/S1P mRNA remained unchanged throughout LCMV 14 infection (not shown), and thereby changes in levels of SKI/S1P expression unlikely contributed 15 to the regulation of ATF6 activation. 16 Next, we compared the profile of the virus-induced upregulation of the ATF6-regulated 17 genes BiP, GRP94, and CHOP with the induction profiles obtained with pharmacological agents 18 classically used to trigger the cellular UPR: tunicamycin (Tm), an inhibitor of N-linked 19 glycosylation, which causes accumulation of underglycosylated unfolded proteins in the ER lumen 20 and thapsigargin (Tg), an inhibitor of the Ca 2+ -dependent ATPase in the ER (44) . Huh7 cells were 21 treated for 4 hours with 600 nM Tg or 5 µg/ml Tm, and mRNA levels of BiP, GRP94, and CHOP 22 determined by real-time PCR (Fig. 2F ). LCMV infection (Fig 2B,C) and treatment with Tm or Tg 23
( Fig 2F) resulted in similar induction of the chaperones BiP and GRP94, whereas exposure to Tg 24 or Tm resulted in a much stronger up-regulation of CHOP (Fig. 2F ) when compared to virus 25 infection (Fig. 2D) . These findings likely reflected that BiP and GRP94 are mainly regulated by 26 ATF6, whereas the regulation of CHOP involves ATF6 and PERK (26) . This difference in the 1 relative activation of CHOP by LCMV is of interest as CHOP plays a prominent role in the 2 induction of apoptosis as a result of sustained ER stress (36, 44) . The weaker induction of CHOP 3 by LCMV infection when compared to Tm and Tg further suggested that LCMV may be able to 4 differentially induce the branches of the UPR regulated by ATF6 and PERK. 5 6 LCMV infection neither activates nor blocks PERK and IRE1. Activation of the UPR sensor 7 PERK in response to ER stress results in a shut-off of host cell translation by phosphorylation of 8 eIF2α and prolonged activation of PERK triggers pro-apoptotic signaling involving CHOP (34) . 9
To examine LCMV-induced activation of PERK, we monitored eIF2α phosphorylation in LCMV-10 infected Huh7 cells by Western-blot using an antibody specifically recognizing the Ser51 11 phosphorylated form of eIF2α that is generated upon PERK activation. Phospho-eIF2α signals 12 were normalized to total eIF2α. Under our experimental conditions we were unable to detect a 13 significant increase in eIF2α phosphorylation at any time throughout the first 72 hours of infection 14 (Fig. 3A) . Treatment of uninfected cells with Tg for 4 hours induced a robust increase in 15 eIF2α phosphorylation, proving that the PERK pathway is functional in these cells (Fig. 3A) . 16 To examine LCMV-induced activation of IRE1, we monitored splicing of the mRNA of 17 XBP1 in LCMV-infected Huh7 cells at different times p.i., by RT-PCR using primers 18 encompassing the IRE-I splicing site. The resulting PCR products of 270 bp and 244 bp, 19 representing unspliced (u) and spliced (s) XBP-1, respectively, were resolved by agarose gel 20 electrophoresis and visualized by ethidium bromide staining ( Fig 3B) . We did not observe 21 detectable splicing of XBP1 at any time point p.i., whereas treatment of uninfected parallel 22 cultures with Tg for 4 hours resulted in robust detection of spliced XBP-1 mRNA, demonstrating 23 normal function of IRE1 in Huh7 cells (Fig. 3B) . 24 The induction of ATF6, but not PERK or IRE1, during acute LCMV infection suggested 25 that LCMV either selectively avoided activation of PERK and IRE1 or was able to actively block 26 these pathways. To address the latter possibility, we studied the function of the PERK and IRE1 1 pathways in LCMV infected cells. Huh7 cells were infected with LCMV or mock infected and at 2 different time points p.i. treated with Tg for 4 hours, followed by the detection of 3 eIF2α phosphorylation and XBP1 splicing as described above ( Fig. 3C and Fig. 3D ). LCMV 4 infection neither perturbed Tg-induced eIF2α phosphorylation nor XBP1 splicing at any time 5 point, respectively, making a virus-mediated block of PERK or IRE1 unlikely. In sum, our data 6 indicate that LCMV infection selectively induces ATF6-regulated UPR genes, but does neither 7 activate nor block PERK and IRE1. 8 LCMV infection is non-lytic and normally not associated with overt cytopathic effects. 9
However, the transient induction of CHOP observed in our study opened the possibility of 10 induction of apoptosis. The extrinsic pathway of apoptosis involves early activation of caspase-8, 11
whereas triggering of the intrinsic apoptotic pathway results in activation of caspase-9. Both 12 pathways activate downstream caspases, including caspase-3. To assess activation of cellular 13 apoptosis, we assessed activation of caspases-8, -9, and -3 during LCMV infection using caspase-14 glo-3/7, caspase-glo-8, and caspase-glo-9 assays (for details see M&M). LCMV for 36 hours in parallel, we observed expression levels of GPC and Z similar to those in 18 infected cells (Fig. 5A, 4B ), whereas expression levels of NP were higher in transfected cells (Fig.  19   5C ). In case of the polymerase L, we were able to detect the recombinant protein, but not L in 20 infected cells (Fig. 5D ). To assess induction of BiP, parallel specimens were subjected to RNA 21 extraction, followed by RTq-PCR analysis as described above. As shown in amounts of recombinant GPC (Fig. 5F ), but only a very mild increase in phosphorylation of eIF2α 6 (Fig. 5G) . Considering the similar overall expression levels of GPC in transfected and infected 7 cell cultures (Fig. 5A) , the induction of IRE1 upon expression of recombinant GPC seems 8 surprising. However, this discrepancy may be explained by the different expression kinetics of 9 LCMV GPC upon transfection and/or higher GPC expression on a per-cell basis in some 10 transfected cells. In sum, our data show that the viral GPC is the major component responsible for 11 induction of the cellular UPR and that the specific induction of ATF6, but not IRE1 observed in 12 infected cells critically depended on accurate regulation of GPC expression during infection. In 13 contrast, the GPC levels reached during infection as well as transfection in our system were 14 insufficient to induce significant activation of PERK. 15 
16
ATF6 activation by S2P is required for optimal LCMV multiplication in acute but not 17 persistent infection. Activation of ATF6 in cells upon ER stress is mediated by the sequential 18 action of the proteases SK1-I/S1P in the Golgi and the metalloprotease S2P in the cytoplasm. 19
While SKI-1/S1P is also needed to process the arenavirus GPC, S2P has not been implicated in 20 viral GPC processing. To specifically address the role of ATF6 signaling in LCMV replication 21 without affecting GPC processing, we used the mutant CHOK1-derived cell line M19 that is 22 deficient in S2P, but has normal levels of SKI-1/S1P activity (18, 31) . Upon treatment with a 23 number of ER stress stimuli, including Tm and Tg, M19 cells are unable to activate ATF6 (43) . 24
Since S2P is also implicated in the regulation of cholesterol biosynthesis (31), we cultured M19 25 cells in medium supplemented with cholesterol and lipids as described (31) . To address a possible 26 role for S2P-dependent ATF6 activation in cell entry and early replication of LCMV, M19 and 1 wild-type CHOK1 cells were infected with LCMV at different MOI and infection detected after 2 one round of replication (16 hours p.i.) by intracellular immunofluorescence staining for NP. 3
Similar levels of infection were observed in M19 and CHOK1 cells (Fig. 6A) , indicating that S2P-4 dependent ATF6 activation is not required for LCMV cell entry and early replication. To look at 5 the role of S2P-dependent ATF6 activation in a later phase of the LCMV life cycle, we determined 6 infectious virus production from infected cells. As a control, we included a variant of LCMV 7 bearing a furin recognition site in its GPC (LCMV-RRRR) that does not depend on SKI-1/S1P for 8 GPC processing (33) . M19 and CHOK1 cells were infected with wild-type LCMV and LCMV-9 RRRR at MOI of 3, which resulted in infection of >95% of cells after 16 hours (data not shown), 10 and infectious virus titers in the cell supernatant monitored. Up to 48 hours post-infection, S2P-11 deficient cells showed significantly lower virus production than wild-type cells, but reached 12 almost wild-type levels after 72 hours (Fig. 6B) . We also addressed the ability of LCMV to LCMV GPC in our system. The latter finding may be due to limited transfection efficiency in our 9 system that does not reach GPC expression levels sufficient to induce PERK and we can at present 10 not exclude that excessive GPC expression may induce the PRK pathway. 11
A beneficial role of the ATF6-branch of the UPR for optimal virus multiplication in 12 acutely infected cells is indeed suggested by the reduced virus production in LCMV infected S2P-13 deficient cells that are unable to activate ATF6. Since S2P-dependent ATF6 activation was 14 dispensable for cell entry and early replication assessed by NP expression, ATF6 regulated UPR 15 genes may play a role in optimal GPC biosynthesis and other steps late in the viral life cycle. 16 LCMV was able to establish chronic productive infection in S2P null cells, indicating that the 17 ATF6-regulated UPR is not essential for viral persistence that is characterized by markedly 18 reduced GPC expression levels. In sum, our data suggest that acute LCMV infection seems to 19 selectively induce the ATF6-regulated branch of the host cell's UPR that is likely beneficial for 20 virus replication and cell viability. Expression of the viral GPC seems to be regulated in a way to 21 avoid induction of PERK and IRE1, whose activation may be detrimental for virus and the host 22 protein separated and probed in Western-blot using monoclonal antibody (mAb) 83.6 to LCMV GP2 (GP2), polyclonal guinea pig serum to LCMV NP (NP), and a mAb to α-tubulin (α-Tu), combined with HRP-conjugated secondary antibodies and enhanced chemiluminescence (ECL) as described (32) . Alpha-tubulin (α-Tu) was used as loading control. on July 10, 2017 by guest
FIG. 2. LCMV infection induces UPR

